Accurate species identification is crucial for ecological studies. For copepods, this is usually based on a few diagnostic morphological characters, which can be highly conserved, resulting in an underestimation of species diversity in many copepod families. We elucidate species richness in the morphologically challenging and ecologically important deep-sea copepod family Spinocalanidae in the tropical Atlantic by applying an integrated taxonomic approach combining morphology, DNA-sequence analyses and proteomic fingerprinting. In total, 28 morphospecies could be discriminated, while 39 putative species were detected using DNA-sequence analyses and 42 using proteomic fingerprinting. This outcome verifies proteomic fingerprinting to simplify and accelerate future biodiversity studies of copepods with high taxonomic resolution. Our findings demonstrate the power of this integrated morphological and molecular taxonomic approach by revealing high numbers of cryptic or pseudocryptic species and thus uncovering the incompleteness of taxonomic guides for this group in the poorly explored mesopelagic realm. Furthermore, our analyses reveal a close relationship of Mospicalanus and Spinocalanus group A and indicate that the genus Spinocalanus may be polyphyletic. The underestimated species diversity suggests complex ecological interactions in terms of predator-prey relationships, interspecific competition and species-specific specializations in the vast, but understudied mesopelagic realm.
I N T R O D U C T I O N
Copepods are well known for their enormous biological and ecological diversity (Mauchline, 1998; BradfordGrieve, 2002; Blanco-Bercial et al., 2011) . Accurate species identification is a prerequisite for meaningful ecological studies. However, identification of copepods is often based on a few distinct characters that mostly develop only in adult specimens. In many species, these diagnostic features are inconspicuous and may only be visible after detailed preparation of the organisms (McManus and Katz, 2009 ). In addition, identification is often complicated due to incomplete or inconsistent taxonomic keys (Goetze, 2003; Wilson et al., 2007; Cornils and Held, 2014) . Furthermore, morphological characters may be highly conserved, which exacerbates accurate identification of sibling or cryptic species (Thum and Harrison, 2009 ). Cryptic speciation without any associated morphological change is a common phenomenon in copepods (Rocha-Olivares et al., 2001; Lee and Frost, 2002; Goetze, 2003; Marrone et al., 2013; Andrews et al., 2014; Cornils et al., 2017) and may hinder identification of species, especially when they co-occur (Halbert et al., 2013; Laakmann et al., 2013; Aarbakke et al., 2014; Cornils and Held, 2014) . While the nominal morphospecies often have a widespread geographical distribution, their cryptic or pseudocryptic lineages may have unique biogeographies or ecological diversification in terms of local adaptation (Goetze et al., , 2016 Hirai et al., 2015; Cornils et al., 2017) . Thus, species richness is still underestimated in many copepod families.
In recent decades, molecular techniques have been supplementing traditional identification methods based on morphological characters of copepods. DNA sequencing of different gene fragments and PCR-based methods have proved to resolve taxonomic relationships in copepods at many different levels (Blanco-Bercial and Àlvarez-Marqués, 2007; Bucklin et al., 2010; Hirai et al., 2013; Marrone et al., 2013; Norton and Goetze, 2013; Goetze et al., 2015; Blanco-Bercial and Bucklin, 2016; Questel et al., 2016; Cornils et al., 2017) . DNA barcoding using the mitochondrial cytochrome c oxidase subunit I (COI) gene is especially valuable for unambiguous species discrimination in metazoans (Hebert et al., 2003) and has been verified as a taxonomic method for calanoid copepods (Bucklin et al., 2010; Laakmann et al., 2012; BlancoBercial et al., 2014; Cornils and Held, 2014; Hirai et al., 2015) . Nevertheless, these DNA-based methods are still time-and cost-intensive. Moreover, a priori knowledge of species-specific sequences is required for accurate primer design (Feltens et al., 2010; Volta et al., 2012) .
Major improvements in mass spectrometric techniques to analyse even large and fragile molecules such as proteins using "soft" ionization methods have resulted in an increasing popularity of proteomics methods for species discrimination (Pappin et al., 1993; Claydon et al., 1996; Holland et al., 1996; Krishnamurthy et al., 1996; Feltens et al., 2010) . Applying matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), protein fingerprinting successfully differentiates microorganisms at the genus, species and even subspecies level (Stackebrandt et al., 2005; Vargha et al., 2006) . Low cost, simple sample handling, speed of analysis and species-or even strain-specific patterns in the associated mass spectra made this technology attractive, e.g. for food quality control, environmental research, as well as veterinary and clinical diagnostics in pathogen identification (Lynn et al., 1999) . This technique has also great potential to improve and simplify ecological studies, as routine and automated procedures would allow preparation and analyses of hundreds of individuals per day (Volta et al., 2012) . Recent studies showed that MALDI-TOF MS successfully discriminated metazoans such as insects (Feltens et al., 2010; Kaufmann et al., 2011; Yssouf et al., 2013a Yssouf et al., , 2013b Yssouf et al., , 2014 Uhlmann et al., 2014) , fish (Volta et al., 2012) and also zooplankton such as shrimp (Salla and Murray, 2013) and copepod species Laakmann et al., 2013) .
The copepod family Spinocalanidae, especially the genus Spinocalanus Giesbrecht, 1888, is a dominant component of meso-to abyssopelagic ecosystems from tropical to polar oceans (Vinogradov, 1972; Kosobokova et al., 2002; Yamaguchi et al., 2002; Kosobokova and Hopcroft, 2010; Homma et al., 2011) . Spinocalanid species are usually omnivorous feeding on a large spectrum of particle sizes (Kosobokova et al., 2002) . This copepod family may be of great ecological importance for the cycling of organic matter, deep-sea food webs and carbon flux (Wishner et al., 2008) , and thus, it is essential to understand the mechanisms that drive their diversification. Spinocalanidae include about 59 known species of ten genera (Razouls et al., 2005 (Razouls et al., -2015 . However, many of these species names are not generally accepted or descriptions overlap and/or are inconsistent (Razouls et al., 2005 (Razouls et al., -2015 WoRMS Editorial Board, 2015) . Thus, phylogeny, taxonomic diversity and biogeography of this copepod family are not well understood.
We explore the diversity of the pelagic spinocalanid species complex in the tropical and subtropical eastern Atlantic Ocean. To elucidate this species diversity we applied an integrated taxonomic approach by combining (i) morphological diagnostics, (ii) DNA-sequence analyses of the nuclear 18S rDNA gene and mitochondrial COI and (iii) proteomic fingerprinting based on MALDI-TOF MS. All three methods were performed on fractions of the same spinocalanid specimens. Furthermore, we tested, if the MALDI-TOF technology can be applied for rapid and efficient identification even of closely related copepod species.
M E T H O D Specimen collection
Copepods were sampled during the research cruise ANT-XXIV/1 on RV Polarstern throughout the tropical and subtropical eastern Atlantic Ocean from 25°N to 24°S in October/November 2007 (Fig. 1 ). Sampling was conducted using different net types and net-specific sampling depths. Vertical hauls were performed with a Multinet (HydroBios Multinet Maxi: 9 nets, 0.5 m 2 mouth opening, 150 μm mesh size) with standard sampling depths from 1000-800-600-500-400-300-200-100-50-0 m. Oblique tows were conducted with two types of multiple opening/closing net and environmental sensing systems: 1 m 2 MOCNESS (9 nets, 335 μm) from 1000-800-600-400-200-100-50-0 m and 10 m 2 MOCNESS (5 nets, 335 μm) from 5000-4000-3000-2000-1000-0 m. The samples were immediately fixed in pure ethanol (96% ETOH). After 24 h the ethanol was exchanged to remove residual water.
A total of 193 female specimens of Spinocalanidae were separated from the bulk ethanol samples and were examined under a stereo microscope. Afterwards, specimens were cut in half, leaving one-half [cephalosome and thoracic segments (Th) 1-2] for DNA extraction and the other (thoracic segments 3-5 and urosome) for protein mass fingerprinting.
Morphological analysis
Whole females were examined in pure ethanol using a LEICA MZ12 stereo microscope. Total length, prosome and urosome lengths, body shape and striking morphological characteristics (metasomal spinules, shape of Th5 corners, symmetry of caudal rami, ornamentation of swimming legs) were recorded and the species were identified according to the available identification keys (Brodsky, 1950; Park, 1970; Grice, 1971; Damkaer, 1975; Schulz, 1989 Schulz, , 1996 Bradford-Grieve, 1994; Razouls et al., 2005 Razouls et al., -2015 . This first identification process had to be carried out rather quickly to avoid damage of the DNA by light or temperature.
Some important diagnostic characters, however, can only be seen under a light microscope and thus we retrieved the anterior half of the exuviae during the DNA extraction process (for details see paragraph on molecular analysis and Cornils (2015)) for further morphological analysis. The anterior half included the mouthparts and the first two pairs of swimming legs, which carry important diagnostic characters for the identification of spinocalanid species (Damkaer, 1975) . The exoskeleton was dissected and examined using the ×400 and ×1000 magnification of a light microscope to complete the morphological identification.
Prominent morphological characters were only listed, if the morphological identification was ambiguous due to missing body parts or if cryptic or pseudocryptic lineages were revealed during the molecular analysis (Table I) . Two species bear a double name, as they share morphological characters described for both species (Spinocalanus longispinus/stellatus, Spinocalanus neospinosus/hoplites; Table I ). Species, that have a number following the species name, could not be distinguished from congeners based on morphological features (e.g. the Spinocalanus dispar species complex).
Molecular genetic analyses
Genomic DNA was extracted from the cephalosomes of the adult spinocalanid females using Chelex (Chelex resin, Bio-Rad) to preserve the exuviae of the specimens (Walsh et al., 1991) . The samples were incubated in 40 μL of a 10% Chelex solution for 20 min at 95°C. After centrifugation, the supernatant was stored at −20°C. The remaining exuviae were kept in absolute ethanol at −20°C for later morphological analyses. PCR amplifications were carried out by using illustra (Park, 1970; Grice, 1971; Damkaer, 1975; Schulz, 1989; 1996) PuReTaq Ready-to-Go PCR Beads (GE Healthcare) applying 2 μL DNA templates in 23 μL reaction mixture. COI was amplified and sequenced using the primer pair LCO1490 (Folmer et al., 1994) and C1-N-2191 (alias Nancy; Simon et al., 1994) . The thermal profile was 5 min at 95°C, followed by 40 cycles of 30 s at 95°C, 60 s at 42°C, 60 s at 72°C and one final elongation step of 7 min at 72°C. Complete 18S rDNA amplification was accomplished using the primer pair 18A1 mod and 1800 mod (Raupach et al., 2009 ). The thermal profile was 5 min at 95°C, followed by 40 cycles of 45 s at 95°C, 50 s at 50°C, 200 s at 72°C and one final elongation step of 10 min at 72°C. For sequencing, the primers F1, CF2, CR1 and R2 were additionally applied to receive the complete 18S rRNA gene sequence (Laakmann et al., 2013) . PCR products were visualized using gel electrophoresis in a 1% agarose gel with ethidium bromide staining. All PCR products were sent to Macrogen, Amsterdam, for purification and sequencing. Sequences were assembled, edited, checked for errors, and in case of COI for reading frames using the software Geneious (version 7.1.7 created by Biomatters) (available from http://www.geneious.com/). The Spinocalanus COI sequence deposited in GenBank (HQ150073 Spinocalanus abyssalis) was added to the present data set. No complete 18S sequence of Spinocalanidae was found in GenBank (until November 2015) . Three sequences of Pseudocalanus elongatus of COI (JX995271, JX995272, JX995275) and complete 18S (JX995319, JX995320, JX995321), respectively, were added as outgroup to the data sets from GenBank, as Clausocalanidae are phylogenetically close to Spinocalanidae (Blanco-Bercial et al., 2011). Sequences were aligned by MUSCLE using the software Geneious 7.1.7. All sequences were uploaded in GenBank (accession numbers KU247605-KU247866). The COI alignment comprised 173 sequences of 667 bp length, while the 18S alignment comprised 95 sequences each of 1674 bp length. The alignments were analysed with RAxML-VI-HPC (version 8, Stamatakis, 2014) inferring Maximum Likelihood trees with GTRGAMMA + I nucleotide substitution model using the bootstrapping criteria, which automatically determine if enough bootstrap replicates were conducted (Pattengale et al., 2010; Stamatakis, 2014) . Pairwise genetic distances (p distance) were calculated with MEGA (version 6, Tamura et al., 2013) . Species clusters based on p distances were tested by analysis of similarity (ANOSIM) with 999 permutations using the PRIMER software (version 6.1.1; Clarke and Gorley, 2006) .
The Automatic Barcode Gap Discovery (ABGD) algorithm is a method of species delimitation, sorting sequences into hypothetical species based on the barcode gap detecting significant differences between intra-and interspecific variations of the individuals' p distances. The p distance matrix derived from aligned COI sequences of all individuals was uploaded to the ABGD website http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html and was run with the default settings applying a relative gap width (Χ) of 1. All available models (Jukes-Cantor (JC86), Kimura (K80)) were tested.
Proteomic fingerprinting using MALDI-TOF MS
The last metasomal segment/urosomes of 193 spinocalanid adult females were analysed applying the MALDI-TOF MS technology according to available protocols Laakmann et al., 2013) . Additionally, seven whole animals were analysed to test whether they clustered correctly with the urosome-only samples. Single specimens were incubated in 5 μL of matrix solution for 10 min at room temperature and dark conditions. The matrix solution consisted of saturated alpha-cyano-4-hydroxycinnamic acid (HCCA) in 50% acetonnitrile and 2.5% trifluoroacetic acid. After incubation, the sample-matrix mix was vortexed for 10 s and centrifuged for 30 s at 13 000 RMP. In three replicates, 1 μL of sample-matrix extract was placed on a target plate. After evaporation at room temperature for a few minutes, each spot was measured three times receiving nine mass spectra per specimen (technical replicates). Analyses were performed with the compact linear-mode bench-top microflex LT system (Bruker Daltonics) at a laser frequency of 60 Hz. To create one spectrum, 240 laser shots were generated at fixed optical laser energy and a pulse of 3 ns. Prior to each measurement cycle, calibration was performed using a bacterial test standard (Bruker Daltonics) containing a protein extract of Escherichia coli DH5alpha. MALDI-TOF data analyses were performed in the statistical computing language R, version 3.1.3 (R Development Core Team, 2015) . Raw spectra were imported into R using the package MALDIquantForeign (version 0.9; Gibb, 2014) . Further processing and analyses of mass spectra were carried out using the package MALDIquant (version 1.12; Gibb and Strimmer, 2012) . Mass spectra between 2 and 20 kDa were square root transformed and smoothed using the Savitzky-GolayFilter. Baseline correction was conducted applying the SNIP algorithm with 20 iterations. To equalize intensities across spectra, normalization was performed with the total-ion-current-calibration. Peak detection was applied to the averaged spectra of the technical replicates, while peaks that occurred in <100% of technical replicates were removed and the remaining peaks were binned. All replicates were averaged for each individual. Finally, a binary peak matrix was generated.
The binary peak matrix was used to calculate pairwise distances between the spectra. Hierarchical cluster analysis was based on a Euclidean distance matrix using Ward's minimum variance method and a bootstrapping analysis (n = 1000) applying the R packages vegan (version 2.3-0; Oksanen et al., 2015) and pvclust (version 1.3-2; Suzuki and Shimodaira, 2014) . Distances within and between species were tested for significance by analysis of similarity (ANOSIM) with 999 permutations using the PRIMER software (version 6.1.6; Clarke and Gorley, 2006) .
R E S U L T S Phylogenetic analysis
In total, five genera of Spinocalanidae were identified morphologically: Spinocalanus Giesbrecht, 1888 , Mimocalanus Farran, 1908 , Monacilla Sars, 1905 , Teneriforma Grice and Hülsemann, 1967 and Mospicalanus Schulz, 1996 ( Table I ). The phylogenetic analysis of the nuclear 18S gene fragment on a subset of 92 specimens yielded a tree with high bootstrap values (Fig. 2) From hereon we will refer to the three species S. magnus, S. antarcticus and S. angusticeps as Spinocalanus B and to all other Spinocalanus species as Spinocalanus A, following the morphological classification of Damkaer (1975) .
Generally, the phylogenetic trees of the maximum likelihood analysis of 18S and COI were largely congruent; the 18S tree, however, was supported by much higher bootstrap values (Figs 2 and 3, Supplementary Figs 1, 2) . In the phylogenetic tree of 18S, the genera Mimocalanus and Teneriforma formed a highly supported (BS: 100%) sister-group to all other pelagic spinocalanid genera (Figs 2 and 3, Supplementary Figs 1, 2) . This pattern is also visible in the maximum likelihood tree of the mitochondrial COI, however, the nodes are not well supported. The genera Monacilla and part of Spinocalanus B (S. magnus, S. antarcticus) were sisters to S. angusticeps, Mospicalanus and Spinocalanus A (BS: 91%). This pattern differed slightly in the phylogenetic tree of COI, placing Spinocalanus B (S. magnus, S. antarcticus) as sister to all remaining taxa, Table I .

and Monacilla again as sister to S. angusticeps, Mospicalanus and Spinocalanus A. In the phylogenetic analysis of COI, Mospicalanus and Spinocalanus A could not be separated. Genetic divergence between the seven clades (measured as uncorrected p distance) ranged between 0.3 and 2.9% (Table II) . The divergence within clades ranged between 0 and 0.5%, except for Spinocalanus A, where the uncorrected p distance varied between 0.0 and 1.4% due to high divergences of Spinocalanus brevicaudatus Brodsky, 1950 and S. elongatus 2 (Supplementary Fig. 3 ).
Molecular species detection and delimitation
Species clusters revealed by COI were generally in line with species clusters based on MALDI-TOF mass spectra (Figs 3, 5) . However, species clusters with ≤3 specimens were difficult to discriminate based on proteome profiles 
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Nodes with >90% bootstrap support Fig. 3 . Condensed Maximum likelihood tree for the mtCOI gene fragments (667 bp alignment). Nodes with bootstrap support <50% were collapsed, nodes with bootstrap support >90% are marked with black stars (for all bootstraps see Supplementary Fig. 2 ). Currently acknowledged genera and species are illustrated. For details on species names, see Table I . alone. Thus, groups were assigned based on the COI results. The ANOSIM based on these 40 species groups revealed highly significant differences between the groups and thus significantly lower intraspecific differences than distances between species (global R-value = 0.95; significance level = 0.1%). In total, 31 species could be clearly discriminated with high R-values usually ≥0.7, whereas nine species were only represented by one individual. Only Spinocalanus elongatus 1 showed lower R-values between 0.3 and 0.6, compared to the samples of an ambiguous cluster containing almost all samples with n = 1. This low R-value resulted from the fact that one S. elongatus 1 sample (KU247816) wrongly clustered in this ambiguous group (marked with a black square in Fig. 4 ). This group comprised Mimocalanus sp. 1 and sp. 2, Mimocalanus heronae 2, Mospicalanus sp., Spinocalanus spinosus 2 and S. elongatus 2, of which only one MALDI-TOF sample was available, and also the two samples of Spinocalanus stellatus Brodsky, 1950 . Teneriforma naso 1 (also n = 1) clustered nearby Teneriforma naso 2. Spinocalanus dispar 3 and S. dispar 6 clustered nearby two other samples, of which no gene sequences were available, but were morphologically described as S. dispar Schulz, 1989 (Fig. 4) . The seven complete specimens that were included only in this analysis [S. dispar 2 (2 specimens), S. elongatus 1 (1), Monacilla typica Sars, 1905 (3), Spinocalanus horridus Wolfenden, 1911 (1)], clustered with the urosome-only samples of the respective species, demonstrating that there are no differences in the proteomic fingerprints of different body parts in these copepods (Fig. 4, Supplementary Fig. 3 ).
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While the morphological identification yielded a total of 29 spinocalanid species, the species delimitation method ABGD revealed 39 spinocalanid lineages based on COI divergence (Tables I and III, Supplementary Fig. 2) . The 18S and MALDI-TOF results suggest three more species, Monacilla tenera Sars, 1907, Spinocalanus sp. and S. dispar? (marked with black dots in Fig. 4) , which could not be sequenced for COI. Thus, 42 lineages of Spinocalanidae were identified in total, 24 of which belonged to the species group Spinocalanus A (Tables I and III, Fig. 5 ). Levels of COI variations within the 39 detected lineages ranged between 0.3 and 5.5% and were significantly lower than minimum interspecific variation to the closest neighbouring species ranging from 9.6 to 18.3% (maximum 27.4%) (Table III, Fig. 5 ).
Morphological remarks on the genus Spinocalanus
Spinocalanus longispinus/stellatus and Spinocalanus neospinosus/hoplites bear morphological characteristics of both species (Table I) . For example, S. longispinus/stellatus had very conspicuous ventrolateral edges of the cephalosome ("shoulders") and metasomal spinules on the left side of the cephalosome, as described for Spinocalanus longispinus Brodsky, 1950 (Brodsky, 1950 . In contrast, the spine comb on the coxa of the maxilliped was clearly on a protrusion, similar to descriptions of S. stellatus (Brodsky, 1950) . These two species are currently not generally accepted and ranked among S. horridus (WoRMS Editorial Board, 2015) . However, S. horridus was much more spinulose on both sides of the cephalosome and had very long spines on the basis of the maxilliped (Table I ). All S. dispar lineages carried four posterior setae on the first inner lobe of the maxilliped and were thus distinguished from Spinocalanus longicornis Sars, 1900; they also had no fringe of hair on the supra-anal plate, separating them from S. abyssalis Giesbrecht, 1888 (Schulz, 1989) . Furthermore, the caudal rami were slightly asymmetrical. S. magnus, S. antarcticus and S. angusticeps are distinguished by different body shapes and morphological characters (Damkaer, 1975) . S. magnus Table III). and S. antarcticus could only be separated based on their body shape.
D I S C U S S I O N
The present study provides first insights into the molecular diversity of the morphologically challenging and ecologically important copepod family Spinocalanidae by analysing mitochondrial and nuclear gene fragments, as well as protein mass fingerprints. The different methods agree well in the number of lineages found within this copepod family. The molecular results provide evidence that this meso-to abyssopelagic copepod family is much more diverse than previously described based on morphological characters alone. 
Phylogenetic analysis
The phylogenetic analysis of both genes yields Mimocalanus and Teneriforma as sister lineages to all other pelagic Spinocalanidae. This differs from the phylogenetic hypotheses of the Spinocalanidae based on morphological characters (Fleminger, 1983; Schulz, 1989) , which places Monacilla as sister-group to the genera Spinocalanus, Mimocalanus, Teneriforma and Isaacsicalanus Fleminger, 1983 , and also to Mospicalanus (Schulz, 1989) . The results of the present phylogenetic analyses differ also in the placement of the genus Mospicalanus. While the morphological analysis suggests a close relationship of Mimocalanus and Mospicalanus, the genetic data of the present study rather indicate a close relationship of Mospicalanus and Spinocalanus A (Figs 2 and 3) . Furthermore, there is evidence in both gene fragments that the genus Spinocalanus may be polyphyletic, which coincides with the morphological separation of the species groups Spinocalanus A and Spinocalanus B by Damkaer (1975) . It has to be taken into account, however, that only five of the ten known genera of the Spinocalanidae were analysed in the present study and, thus, the placement of the genera may change both with the addition of genes with different mutation rates (i.e. nuclear 28S rDNA, internal transcribed spacer 1 and 2) and with further genera. Genetic distances of 0.4-1.5% (18S) between the spinocalanid genera were well within the range described for copepods (<1-6%; Bucklin et al., 2003) with no intraspecific variability as a consequence of concerted evolution (Hillis et al., 1991; Eickbush and Eickbush, 2007) , as already demonstrated for other calanoid copepods (Bucklin et al., 2003; Laakmann et al., 2013) . Within the clade Spinocalanus A the lack of divergence, e.g. within S. dispar 1-6, indicates a close relationship of the lineages identified with the mitochondrial COI gene fragment and proteomic fingerprinting (Fig. 2) .
Genetic species delimitation and diversity
In total, 40 putative species of the spinocalanid family were identified based on cladistic analyses (maximum likelihood) of the COI and the ABGD algorithm. These methods are independent from a priori defined groups and were congruent with each other. Speciation processes in marine copepods are apparently completed, when COI sequence distinctiveness between two specimens is ≥8-9% (Bucklin et al., 1999 (Bucklin et al., , 2003 Hill et al., 2001) . This agrees well with species discrimination in the present study, as the minimum interspecific variation to the neighbouring species was 9.6%.
The database of diversity and distribution of marine planktonic copepods of the Observatoire Océanologique de Banyuls (Razouls et al., 2005 (Razouls et al., -2015 lists 17 Spinocalanus, 6
Mimocalanus, 3 Monacilla and 4 Teneriforma species in subtropical and/or temperate waters of the Atlantic Ocean, while most studies focused on polar regions (Damkaer, 1975; Razouls et al., 2005 Razouls et al., -2015 . So far, only one species of Mospicalanus was described in the Antarctic Weddell Sea (Schulz, 1989) . Our data, however, indicate that in the tropical Atlantic there is at least one more species within this genus.
Especially the Spinocalanus genus, which was most abundant, comprised more species than previously described based on morphological characters (Park, 1970; Grice, 1971; Damkaer, 1975; Schulz, 1989 Schulz, , 1996 . There is evidence that some of these, such as the S. dispar complex, may be cryptic or pseudocryptic species, which is a common phenomenon in marine copepods (Bucklin et al., 1999; Goetze, 2003; Bucklin and Frost, 2009; Cornils and Held, 2014; Hirai et al., 2015) . High morphological similarities explain, why species initially described as S. stellatus and S. longispinus are currently all synonymized with S. horridus and why S. pteronus Park (1970) is synonymous with S. usitatus (Park, 1970; Damkaer, 1975; WoRMS Editorial Board, 2015) . As Spinocalanidae have only been reviewed in detail in Arctic waters (Damkaer, 1975) , a new comprehensive morphological and genetic review of this family including a wide range of latitudes and oceans is necessary. However, in net samples second exo-and endopodites as well as the first antennae are often missing, due to the stressful net sampling procedure from greater depths. This makes molecular species identification methods indispensible for fragile, deep-sea copepod families.
Our study demonstrates that many of the spinocalanid species have much wider distributional ranges than previously thought. For example, Mimocalanus crassus Park, 1970 , Mimocalanus cultrifer Farran, 1908 , Spinocalanus aspinosus Park, 1970 , Spinocalanus hoplites Park, 1970 and Spinocalanus oligospinosus Park, 1970 were found so far only in Caribbean waters, while S. usitatus was reported in temperate waters in the NW Atlantic and Spinocalanus terranovae Damkaer, 1975 in the SW Atlantic. In contrast, Mimocalanus sulcifrons Wheeler, 1970, S. elongatus Brodsky, 1950, S. antarcticus, S. horridus, S. longispinus and S. stellatus were mainly found in Arctic or Antarctic waters, the latter three also in the NE and NW Pacific. S. horridus (= longispinus) and S. elongatus were even classified as Arctic endemic species (Kosobokova et al., 2011) . Hence, molecular comparisons of populations from tropical and polar regions may reveal interesting insights into the true diversity and phylogeography of this copepod family. As already demonstrated for other copepod species (Hirai et al., 2015; Cornils et al., 2017) , further analysis of their vertical and latitudinal distribution may show that the newly found lineages are genetically distinct species with restricted spatial and vertical distribution due to environmental barriers such as ocean currents or oceanographic gradients and possibly ecological adaptation (vertical partitioning to avoid food competition and mating competition).
The present study analysed a few, non-quantitative samples of Spinocalanidae from the subtropical and tropical eastern Atlantic Ocean (24°N-25°S) . Considering the high number of species found in these rather limited samples (~200 specimens), the true global species richness of this copepod family seems to be underestimated. Given the high abundance and important ecological role of Spinocalanidae in deep-sea ecosystems in almost all marine regions (Kosobokova et al., 2002; Wishner et al., 2008) , knowledge about their diversity and distributional patterns will shed new light on deep-sea biodiversity and ecosystem functioning.
Proteomic fingerprinting
The two methods used here for species identification, sequencing of mitochondrial COI and the analysis of proteomic fingerprints, were congruent except for one specimen of S. elongatus 1. This proves the accurate species differentiation and identification of genetically divergent lineages within this copepod family. Furthermore, these results demonstrate that the cryptic or pseudocryptic lineages found with DNA barcoding are actual lineages and there is no evidence of nuclear pseudogenes (Song et al., 2008) . In general, results on species differentiation based on the species-specific fingerprints between 2 and 20 kDa are similar to those observed in other zooplankton species such as shrimp (Salla and Murray, 2013) and copepods Laakmann et al., 2013) , with considerably lower intraspecific than interspecific differences. However, sample size is often insufficient to conduct robust statistical analyses and at least three to five individuals of one species are needed to establish clear species clusters.
Besides proper species differentiation, this method proved to be as simple and fast as indicated by previous studies (Feltens et al., 2010) . The similar findings of genetic and proteomic species differentiation demonstrate the high potential of MALDI-TOF MS for future timeand cost-effective quantitative studies on copepods with high taxonomic resolution. With our newly established reference library of species-specific proteomic fingerprints for 40 spinocalanid species from the tropical Eastern Atlantic it is now possible to apply proteomic fingerprinting for species identification to investigate the distribution of closely related species, independent of morphological characters. Thus, not only adults, but also the morphologically inconspicuous juvenile stages can be identified to species level. Since first studies demonstrate the similarity of proteomic fingerprints between nauplii, young copepodids and adults (Laakmann et al., 2013) , all copepod life stages from ethanol-fixed samples could be identified to species level using this approach and allow analyses of abundance and vertical distribution patterns with a much higher species resolution than in previous studies, because even cryptic and pseudocryptic species and juvenile copepods, which usually lack morphological diagnostic characters, can be identified. Thus, this approach can provide new insights into biodiversity, distribution and phylogeographic patterns, contributing to a better understanding of biodiversity, speciation and ecosystem processes. It will efficiently detect ecosystem changes and relate them to possible environmental parameters. However, to apply MALDI-TOF MS as a routine method in species identification and community analyses, the generation of a reference database for different metazoan groups and species, as already available for microorganisms, will be essential. It will allow immediate comparison and analysis of the mass spectra by a standard pattern-matching algorithm against a reference database (BioTyper database; Seng et al., 2009; Saffert et al., 2011) . This can revolutionize zooplankton species identification, providing a straightforward result within minutes, thus representing a powerful alternative to morphological and genetic analyses in the sense of McManus and Katz (McManus and Katz, 2009) . This method provides an example of a successful combination of molecular and morphological expertise to investigate the distribution of closely related species across all life stages.
C O N C L U S I O N S
Zooplankton species composition and abundances often reflect ecosystem responses to hydro-climatic forcing, e.g. changes in temperature, stratification and seasonal variability (Beaugrand et al., 2002; Beaugrand and Ibanez, 2004) . According to the high capacity to respond to these environmental selective pressures, diversification can occur through adaptive divergence even in the presence of gene flow (Peijnenburg and Goetze, 2013) . Thus, knowledge of the number of species and their individual ecological roles is not only crucial to understand the complexity of ecological niches and thus ecosystem functioning, but also to detect the impact of environmental changes. If we underestimate species (and ecological niche) diversity, predominance or replacement of one species by a better adapted, more successful, presumably closely related (and not detected) species as a consequence of ongoing environmental changes would be missed. Therefore, accurate and improved species identification methods are needed to study zooplankton communities. These should have high taxonomic resolution, and not only identify, but potentially quantify taxonomically challenging specimens to provide new insights into the structure and functioning of the pelagic realm.
The present study contributes to a better understanding of the diversity of zooplankton species and, as a consequence, ecological niches in deep waters. We emphasize the power of integrated morphological and molecular taxonomic approaches by revealing a large number of putative species in the family Spinocalanidae from meso-and bathypelagic depths. These species numbers, and thus, the underestimated species richness, highlight the incompleteness of taxonomic guides and the lack of morphological and molecular information for this group and this habitat. This underestimation does not only relate to species richness/diversity but also to the complexity of ecological niches in the poorly explored meso-to bathypelagic realm (Laakmann et al., 2012) . The present study represents a milestone on our way to better understand niche separation within a dominant and ecologically important family of deep-sea copepods.
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